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ARTICLE
A Chromosomal Rearrangement Hotspot Can Be Identiﬁed
from Population Genetic Variation and Is Coincident
with a Hotspot for Allelic Recombination
Sarah J. Lindsay, Mehrdad Khajavi, James R. Lupski, and Matthew E. Hurles
Insights into the origins of structural variation and the mutational mechanisms underlying genomic disorders would be
greatly improved by a genomewide map of hotspots of nonallelic homologous recombination (NAHR). Moreover, our
understanding of sequence variation within the duplicated sequences that are substrates for NAHR lags far behind that
of sequence variation within the single-copy portion of the genome. Perhaps the best-characterized NAHR hotspot lies
within the 24-kb-long Charcot-Marie-Tooth disease type 1A (CMT1A)–repeats (REPs) that sponsor deletions and dupli-
cations that cause peripheral neuropathies. We investigated structural and sequence diversity within the CMT1A-REPs,
both within and between species. We discovered a high frequency of retroelement insertions, accelerated sequence
evolution after duplication, extensive paralogous gene conversion, and a greater than twofold enrichment of SNPs in
humans relative to the genome average. We identiﬁed an allelic recombination hotspot underlying the known NAHR
hotspot, which suggests that the two processes are intimately related. Finally, we used our data to develop a novel method
for inferring the location of an NAHR hotspot from sequence variation within segmental duplications and applied it to
identify a putative NAHR hotspot within the LCR22 repeats that sponsor velocardiofacial syndrome deletions.Wepropose
that a large-scale project to map sequence variation within segmental duplications would reveal a wealth of novel
chromosomal-rearrangement hotspots.
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The sequencing of the human genome revealed that at
least 5% of the genome consists of long, highly similar
duplicated sequences known as “low-copy repeats” (LCRs),
or segmental duplications.1,2 These segmentalduplications
can have high sequence similarity (190%), can be several
hundreds of kilobases in length, and are enriched in ape
genomes relative to genomes of other species.2–4 Segmen-
tal duplications have been shown to have unusual pat-
terns of sequence evolution relative to single-copy se-
quences, both in terms of orthologous sequence diver-
gence and of reticulate evolution processes between du-
plications within the same genome,5,6 and they may well
play a central role in the evolution of novel gene function
after gene duplication. Moreover, duplicated sequences
appear to harbor unusual patterns of sequence variation
within humans7–10 that may result from gene conversion
(the nonreciprocal transfer of sequence information be-
tween two homologous stretches of DNA) occurring be-
tween the duplicated copies.
Recent studies have revealed extensive structural vari-
ation within the human genome, with a marked enrich-
ment of deletions, duplications, and inversions in and
around segmental duplications.11–15 The study of the func-
tional importance of these structural variants is in its in-
fancy, but the number of genetic diseases in which the
structural dynamism conferred by segmental duplications
plays amajor role has been growing rapidly. The dominant
role that genomic architecture plays in diseases—such as
Charcot-Marie-Tooth disease type 1A (CMT1A [MIM
118220]) and hereditary neuropathy with pressure palsies
(HNPP [MIM 162500]), due to reciprocal duplication and
deletion on chromosome 17p12,16 Smith-Magenis syn-
drome (SMS [MIM 182290]) and dup(17)(p11.2p11.2) due
to reciprocal deletions and duplications on chromosome
17p11.2,17 and deletions causing neuroﬁbromatosis type
I (NF1 [MIM 162200]) on chromosome 17q11.218 and So-
tos syndrome (MIM 117550) on 5q3519,20—has led to them
being classiﬁed as “genomic disorders.”21,22 Despite this
work, there remains a substantial proportion of segmen-
tal duplications whose propensity to undergo nonallelic
homologous recombination (NAHR) and to generate po-
tentially disease-causing rearrangements is unknown. Al-
though the association between structural variation and
segmental duplications has been observed, the experi-
mental demonstration of NAHR as a mechanism for such
changes remains to be fully documented.
The germline mutational process underlying these ob-
servations of structural dynamism at segmental duplica-
tions is known as “NAHR” and can result in duplications,
deletions, and inversions of genomic segments between
copies of a duplicated sequence.23 NAHR shares a number
of important features with allelic meiotic recombination,
which has led to suggestions that the two processes op-
erate by similar mechanisms.24 One striking similarity be-
tween allelic homologous recombination (AHR) andNAHR
is the existence of hotspots of recombinatorial activity in
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which both crossovers and gene-conversion events cluster.
In all genomic disorders in which the precise breakpoints
of numerous independent rearrangements have been
mapped, it has been found, by DNA sequence analysis of
the products of recombination, that the breakpoints clus-
ter within small intervals of greatly enhanced recombi-
natorial activity.25 The likelihood of a breakpoint falling
within one of these NAHR hotspots can be 12 orders of
magnitude greater than in the surrounding sequence.
These NAHR hotspots have size and morphology similar
to experimentally determined AHR hotspots.25 The study
of AHR hotspots has been revolutionized by the genome-
wide inference of local recombination rates from patterns
of sequence variation within populations. Whereas there
are only ∼10–20 experimentally determined AHR hot-
spots, the locations of ∼50,000 AHR hotspots have been
inferred throughout the genome from population genetic
data.26
No such revolution has yet accelerated the discovery of
NAHR hotspots. A genomewide map of NAHR hotspots
would facilitate the identiﬁcation of loci at which rear-
rangements result in embryonic lethality, would catalyze
the discovery of other genomic disorders, and would in-
form our understanding of the origins of structural vari-
ation. Patterns of sequence variation and linkage disequi-
librium (LD) within segmental duplications remain largely
uncharacterized; segmental duplications are deemed out-
side the portion of the genome amenable to genomewide
haplotype mapping.27 Three types of variant sites are ap-
parent within sequence alignments of duplicated se-
quences: sites that differ between allelic copies (i.e., SNPs),
ﬁxed sites that differ between paralogous copies (i.e., pa-
ralogous sequence variants [PSVs]), and a special class of
SNPs that are polymorphic across paralogous sequences
(i.e., multisite variants [MSVs]).
Given the role that NAHR hotspots potentially play in
disease-causing rearrangements, it is of great interest to be
able to characterize sequence variation within segmental
duplications and to identify signatures of NAHR hotspot
activity from these data. To develop a method that will
enable identiﬁcation of hotspots for NAHR solely from
sequence variation, it is necessary to improve our under-
standing of the evolutionary processes occurring within
segmental duplications. Elsewhere, we have demonstrated
that, at two known Y-chromosomal NAHR hotspots, the
presence of an NAHR hotspot could be inferred from com-
parisons between human and great ape sequences of the
duplicated sequence containing the hotspot.5 The exten-
sion of this method to autosomal NAHR hotspots has been
thrown into doubt by the demonstration of the short-lived
evolutionary nature of AHR hotspots.28,29
The 24-kb-long CMT1A-repeat (REP) segmental dupli-
cations30 that sponsor pathogenic HNPP deletions and re-
ciprocal CMT1A duplications are ideal loci for exploring
the consequences of duplication on sequence evolution
and for developing methods to identify NAHR hotspots.
The CMT1A-REPs were duplicated recently on 17p11.2-12
in the common ancestor of humans and chimpanzees,
with the distal copy ancestral, and the human copies share
98.7% sequence similarity.30,31 These repeats contain a well-
characterized ∼600-bp-long NAHRhotspot that has an∼50-
fold elevated rate of crossover comparedwith the surround-
ing sequence and is shared among populations.32,33
In this study, we characterized structural and sequence
variation at the CMT1A-REPs in humans and hominoid
species, by using a combination of Southern hybridization
and resequencing by shotgun haplotyping.34 We demon-
strate that post-duplication gene conversion has altered
the pattern and rate of sequence evolution in the CMT1A-
REPs, and we develop a robust, novel method for identi-
fying NAHR hotspots from patterns of sequence diversity
within humans.
Material and Methods
Samples
Complete CMT1A-REP sequences were generated from genomic
DNA from cell lines of (i) 10 unrelated males from the European
Collection of Cell Cultures (ECACC) ethnic diversity panel (2
Australian Aborigine, 2 from the United Kingdom, 1 Italian, 1
Japanese, 2 Zulu, and 2 Native American) and (ii) chimpanzee,
gorilla, orangutan, and gibbon, from the ECACC primate panel.
Southern hybridization and limited resequencing was per-
formed on 72 samples from the CEPH Human Genome Diversity
Panel and on samples from the Baylor College ofMedicine control
panel (93 African American, 98 Hispanic, 95 European American,
and 72 Asian American).
Southern Hybridization Screening for Structural Variation of
CMT1A-REPs
Restriction-enzyme digests were performed according to theman-
ufacturer’s instructions. We used a dosage-analysis approach, us-
ing a CMT1A-REP probe derived from a puriﬁed restriction frag-
ment from a cosmid described elsewhere.16 Probes labeled with
32P-a-deoxycytidine triphosphate with the Rediprime II labeling
kit (Amersham Pharmacia Biotech) identiﬁed two EcoRI restric-
tion fragments on chromosome 17p11.2-12 (a 7.9-kb EcoRI frag-
ment localized to the proximal CMT1A duplication monomer
region and a 6.1-kb EcoRI fragment mapping to the distal CMT1A
region). The 7.9-kb proximal and 6.1-kb distal EcoRI fragments
are contained entirely within the CMT1A-REP sequence.
Long PCR of CMT1A-REPs
Each CMT1A-REP was ampliﬁed in two portions, with the use of
a non–repeat-speciﬁc internal primer and an external primer lo-
cated in ﬂanking single-copy sequence. The distal repeat was am-
pliﬁed in two portions with use of the oligo pairs (1) CMT1AD2
CCACATTACTGCTTCCTCATGTGT and CMT1AINT5GTTCATG-
GTTCATGCTGAGGGTTG and (2) CMT1AD1GGGGGTAGAAAA-
GGGGTCTCATTTTCC andCMT1AINT3ATTACAGCTACTGTTG-
CAGCAGTG, which ampliﬁed products of 12,777 and 11,327 bp,
respectively. The proximal repeat was ampliﬁed in two portions,
with use of the oligo pairs (3) CMT1AP2 CTTAGCCATTGCCCAT-
TGATGGAC and CMT1AINT5 GTTCATGGTTCATGCTGAGGG-
TTG and (4) CMT1AP1 CCATTAGAGAGCTTTCCTCATTGC and
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Table 1. Primers Used in Targeted
Resequencing
The table is available in its entirety in the online
edition of The American Journal of Human Genetics.
CMT1AINT3 ATTACAGCTACTGTTGCAGCAGTG, which ampli-
ﬁed products of 12,600 and 11,344 bp, respectively.
These PCR fragments do not overlap in the center of the repeat,
so additional primers were designed to obtain the genotypic se-
quence for the middle portion of the repeats. The gap between
PCR products runs from 10,230 to 11,304 bp in our alignment,
so the SNP information in this region between haplotypic se-
quences comes from genotypic sequences unless speciﬁed. To ob-
tain gap sequence, long PCR was performed as described above,
but with the use of primers CMT1AP1 CCATTAGAGAGCTTTCC-
TCATTGC andCMT1A_Join1GCAGTGATGCTCAGTAGAAAG,at
an annealing temperature of 60C and an extension time of 13
min, and with CMT1AD1 GGGGGTAGAAAAGGGGTCTCATTT-
TCC and CMT1A_Join3 GGGCTGATGTTTAGTAAACAA, at an
annealing temperature of 57C and an extension time of 13 min.
All PCR reactions were performed in a 50-ml volume with the
use of the Expand 20Kb Plus PCR kit (Roche Applied Science) and
200 ng of genomic DNA as template. Unless otherwise stated, the
reactions were performed following the manufacturer’s protocol,
with an extension time of 11 min and an annealing temperature
of 57C. All oligos were synthesized by Sigma Genosys.
Resequencing of CMT1A-REPs
The long-PCR products were fragmented, cloned, and shotgun
sequenced to a high depth (120# coverage) with the use of the
shotgun-haplotyping method,34 which recovers haplotypic se-
quence across the length of the PCR product by assembling read
pairs from the two alleles into separate assemblies. To obtain se-
quence data from the middle of the repeat, we direct sequenced
additional PCR products, using the PCR primer CMT1A_Join3
and an additional internal sequencing primer, CMT1A_Join2
CATAGAAATGTGTGGACCAAT.
The sequence data were then assembled using the Gap4 assem-
bly software; SNPs were automatically called, and then the hap-
lotypic sequences were exported. In two individuals, one Native
American male (AMA) and one U.K. male (C07220), the alleles
from one of the long PCRs (3 and 4, respectively) were mono-
morphic. Targeted resequencing of individuals with unusual
Southern banding patterns was performed using shotgun hap-
lotyping or with staged primers (see table 1) after ampliﬁcation
with PCR primers listed above. The GenBank accession numbers
for the sequences generated in this study are DQ480370–
DQ480419.
Statistical and Evolutionary Analysis
For genotypic analyses of the entire CMT1A-REP, the component
haplotypic sequences were arbitrarily spliced together to form
24-kb allelic sequences for each individual, with each half con-
taining true haplotypic sequence. Sequences were aligned with
the CMT1A-REP GenBank reference sequences, with the use of
BioEdit and Se-Al. All analyses not dependent on having true
haplotypes were derived from these alignments of spliced hap-
lotypes. Repetitive elements were detected by RepeatMasker.
Jukes-Cantor distances and nucleotide diversity (p) were calcu-
lated from full 24-kb primate and human reference sequences for
each repeat, with the use of PHYLIP and DNASP,35 respectively.
Phylogenetic networks and trees were constructed, using
SplitsTree,36 from full 24-kb sequences from the human and pri-
mate panels for each repeat. Neighbor-joining trees were con-
structed using 24-kb sequences from the human and primate pan-
els, with the use of PHYLIP under Felsenstein 84 (F84) and
Jukes-Cantor models of evolution with 1,000 bootstrap replicates.
TREE-PUZZLE37 was used to construct maximum-likelihood trees,
to compute branch lengths, and to perform the likelihood ratio
to test the molecular clock hypothesis. Single alleles from each
CMT1A-REP from all the primate species and from a single human
were used and were modeled using F84 distances, with the gibbon
sequence speciﬁed as an outgroup.
The sliding window plots (with window size 700 bp) of the two
indices for identifying NAHR hotspots—concerted index and
hotspot index—were generated in Excel, from lists of variant site
(i.e., SNPs, PSVs, and MSVs) output from alignments, by code
written in Interactive Data Language 6.0 (Research Systems). A
permutation test written in Interactive Data Language 6.0 was
performed to test the signiﬁcance of the hotspot index; 10,000
replicates were performed, in which the positions of the observed
numbers of MSVs, SNPs, and PSVs were randomized along a 24-
kb stretch of DNA.
The haplotype-reconstruction program PHASE 2.138,39 was used
to predict AHR hotspots in the proximal and distal CMT1A-REPs.
All human CMT1A-REP sequences were entered in genotypic
form for the analysis, to avoid any generation of false recombi-
nants by erroneous splicing of haplotypes. The PHASE algorithm
was iterated 10 times, to increase accuracy.
Results
Structural Variation in CMT1A-REPs Is Driven by
Retroelement Insertion
To investigate structural diversity within the CMT1A-REPs
in humans and chimpanzees, we performed Southern
analysis with panels of diverse, phenotypically normal
individuals. This Southern assay uses a probe across a re-
gion of the repeats that contains an EcoRI site speciﬁc to
the distal repeat, and, therefore, different-sized bands for
proximal and distal CMT1A-REPs are obtained.16 Accord-
ingly, in individuals who have two copies of each repeat,
two bands of the same intensity will be seen. In patients
with CMT1A and HNPP, copy-number changes manifest
themselves as an altered relative intensity of the two
bands.40 Among 165 globally diverse humans, three un-
usual additional patterns were observed (ﬁgs. 1 and 2).
Among chimpanzees ( ), four different banding pat-np 20
terns were observed.
To investigate the mutational processes underlying
these different banding patterns, we resequenced portions
of the CMT1A-REPs in individuals with some of the above
unusual banding patterns. We also sequenced the entire
proximal and distal CMT1A-REPs in a chimpanzee and the
entire ancestral CMT1A-REP in one gorilla, orangutan, and
gibbon (see below), and we identiﬁed additional structural
variants. We chose to sequence these regions, using the
method of shotgun haplotyping from long-PCR products
anchored in single-copy sequence. Because of the inher-
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Figure 1. Structural variation within CMT1A-REPs. Top panel shows the Southern probe binding site (horizontal shaded rectangle) and
the positions of EcoRI sites in the CMT1A-REPs (black vertical bars). Middle panel shows the different Southern banding patterns identiﬁed
in humans and chimpanzees, with each distinct pattern given a one-letter code. Bottom panel shows the sites of insertion events
identiﬁed in the sequences described in the text. These insertion events are color coded, to identify which banding pattern they
correspond with. A variable EcoRI restriction site is shown as a green bar, color coded to reﬂect the associated banding pattern. The
absence of this restriction site, in combination with the presence of the partial (2,123-bp) L1PA2 insertion, accounts for the larger
distal REP fragment apparent in chimpanzee Southern banding patterns F, G, and H, as compared to humans.
ently high (120#) sequence coverage required for shot-
gun haplotyping, we can have much higher conﬁdence
in identifying variant sites than we would with standard
genotypic sequencing.34 Moreover, the ratio of alleles at a
variant site depends on the number of sequences thatwere
coampliﬁed, with a deviation from 1:1 ratios indicating
the presence of additional copies. In none of these data
did we see evidence of copy numbers of the CMT1A-REPs
different from expectation (two in human and chimpan-
zee and one in gorilla, orangutan, and gibbon). Whereas
losses and a gain of an EcoRI restriction site were identiﬁed
in our sequencing and could explain some of the unusual
banding patterns, more striking was the observation of
four independent retroelement insertions events (three
AluY and an L1PA2) within a 7.5-kb interval that encom-
passes the known NAHR hotspot (ﬁg. 1). This includes a
polymorphic AluYa5 insertion within the distal CMT1A-
REP, which is found in an African American population
with an allele frequency of 3% and is not in the dbRIP
database of retroelement insertion polymorphisms.41 These
data show a high frequency of independent insertions,
which are not mediated by gene conversion or duplication
from Alu insertions already present in the repeats, since
there are no homologues for them inside the CMT1A-REPs
and each insertion site displays the characteristic target
side duplication of a retroelement transposition.
Rate of Sequence Evolution in CMT1A-REPs Increases after
Duplication
It has been suggested from simulations, theoretical con-
siderations, and limited comparative resequencing that
the rate of sequence evolution may increase after a du-
plication event.5,42 Since the duplication event generating
CMT1A-REPs has already been placed on the primate
phylogeny,30,31 we decided to investigate sequence diver-
gence in the CMT1A-REPs, to test this hypothesis. We se-
quenced full CMT1A-REP sequences from chimpanzee, go-
rilla, orangutan, and gibbon. We compared the sequence
divergence in CMT1A-REPs between humans and other
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Figure 2. Global Southern analysis of CMT1A-REPs. The legend
is available in its entirety in the online edition of The American
Journal of Human Genetics.
Table 2. Results of Molecular Clock
Likelihood-Ratio Test
Lineage
Tree Branch Length
(substitutions
per base)
Fold
Difference
Free
Ratea
Constant
Rate
Human distal .00643 .00561 1.15
Human proximal .00592 .00561 1.06
Chimp proximal .00666 .00609 1.09
Chimp distal .00466 .00609 .77
Gorilla .00703 .00743 .95
Orangutan .01565 .01582 .99
Gibbon .01899 .01898 1.00
a Longer tree branch lengths in the ingroup species
are shown in bold.
hominoid species with the genome averages for intergenic
nonrepetitive sequences for these species43 and could not
identify signiﬁcantly discrepant sequence divergences.
This kind of analysis is, however, not robust to regional
variation in the rate of sequence evolution. Analysis of
the chimp draft genome shows substantial regional vari-
ation around the average value of 1.23%.44 Acceleration
in the rate of sequence evolution at the CMT1A-REPs
would be masked if these sequences were evolving more
slowly than the genome-average rate, as a result of selec-
tive constraint on functional sequences within theCMT1A-
REPs. There is only a single short exon of the COX10 gene
in one of the CMT1A-REPs.30 However, conserved (Phast-
Cons) sequence elements comprise twice as much of the
CMT1A-REPs (∼8%)45 than the genome average (∼4.3%), so
it is plausible that sequence constraint does depress the
overall rate of sequence evolution at these loci.
A more powerful method of detecting unequal rates of
sequence evolution is to compare rates of sequence evo-
lution at the same locus in different lineages. We com-
pared the likelihood of obtaining the observed sequences
of the CMT1A-REPs in the hominoids mentioned above,
under two models in which (i) rates of sequence evolution
were constrained to be the same on all lineages (constant
rates) and (ii) rates of sequence evolution were allowed to
vary across lineages (free rates). A likelihood-ratio test re-
jected the null hypothesis of a constant rate of evolution
at the 5% level; allowing the evolutionary rates to vary
between lineages is a better ﬁt to the data (see table 2).
These results suggest that the rates of sequence evolution
have not been equal in the CMT1A-REPs in different lin-
eages. If we compare branch lengths in the two phylog-
enies, we can identify which lineages appear to be evolv-
ing more rapidly than expected. Three of the four post-
duplication lineages (both human lineages and one of the
chimpanzee lineages) have longer branch lengths in the
free-rates phylogeny than in the constant-rates phylog-
eny, despite the observation that sequence evolution is
generally slower in humans and chimpanzees than in
other hominoid species,46 which suggests that our likeli-
hood-ratio test is actually conservative. This conclusion
is also robust to CpG biases, since the GC content in
the distal CMT1A-REP is not signiﬁcantly differentiated
among hominoid sequences (range 40.30%–40.45%).
One mechanism by which duplicated sequences may
have a higher rate of sequence evolution than single-copy
sequences is gene conversion between paralogous se-
quences, which can act to introduce additional variation
into a duplicated sequence. The presence of gene conver-
sion can perturb the normal phylogenetic relationships
between orthologous and paralogous sequences.5 Thephy-
logenetic relationships among thehominoidCMT1A-REPs
sequences mentioned above are already known: the du-
plication event occurred in the common ancestor of hu-
mans and chimpanzees, and, thus, the proximal CMT1A-
REP in humans should share a common ancestor with the
proximal repeat in CMT1A-REPs in chimpanzees, to the
exclusion of all other sequences. A neighbor-joining phy-
logeny reconstructed from the hominoid CMT1A-REP se-
quences does not show the expected phylogenetic rela-
tionships: the human proximal CMT1A-REP seems most
closely related to the human distal CMT1A-REP (see ﬁg.
3). Low bootstrap values around the nodes of phylogeny
relating chimpanzee and human sequences suggest that
this phylogeny is not well supported by the data. These
results might be explained either by complex speciation
processes resulting in the gene tree not reﬂecting the spe-
cies tree47 or by gene conversion shufﬂing variation be-
tween CMT1A-REPs. To further explore whether gene con-
versionmay be the cause of this phylogenetic discrepancy,
we constructed a SplitsTree of the same sequences (ﬁg. 3).
A SplitsTree is a network-based phylogeny that displays
conﬂicting signals within the data as cycles (also known
as “reticulations”). Cycles can be generated by any evo-
lutionary process that introduces conﬂicting evolutionary
signals into sequence alignments—for example, frequent
recurrent mutation, reversion mutation, or any process
leading to concerted evolution, such as either gene con-
version or unequal crossing over. If gene conversion is
acting on the duplicated CMT1A-REPs, then cycles should
appear in the SplitsTree but only among the post-dupli-
cation lineages. By contrast, complex speciation47 might
give a phylogeny that is different from the expected phy-
logeny (given the species tree), but this phylogeny should
be constant along the length of the CMT1A-REPs, and so
cycles should not be observed. We observed clear cycles
in the SplitsTree, with these cycles being conﬁned to the
relationships among post-duplication lineages.
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Figure 3. Phylogenies of CMT1A-REPs. Upper panel displays a
rooted neighbor-joining phylogeny of CMT1A-REPs in hominoid
species, labeled with bootstrap percentages. Proximal sequences
are shown in red, and distal sequences in blue. Lower panel displays
a SplitsTree of CMT1A-REPs in hominoid species, constructed using
uncorrected P distances. Proximal sequences are shown in red, and
distal sequences in blue.
Gene Conversion Elevates Sequence Diversity in the CMT1A-
REPs
There is an apparent enrichment of SNPs in segmental
duplications (including the CMT1A-REPs) in dbSNP.48 It
has been argued that this increased SNP density in seg-
mental duplications could be due to the mismapping of
variation between copies of a segmental duplication,
which could lead to PSVs (positions conserved in each
copy but different between them) (see ﬁg. 4) being mis-
taken for SNPs.2 An alternative explanation is that this
increased diversity is genuine and results from gene con-
version acting to increase sequence diversity by introduc-
ing a PSV from one repeat into the other as a SNP.42
We resequenced the CMT1A-REPs in 10 globally diverse
humans, blind to any possible structural variation. By us-
ing the method of shotgun haplotyping from long-PCR
products anchored in single-copy sequence, we can be
sure that we are not confusing PSVs with SNPs and that
we have much higher conﬁdence in identifying SNPs
than we would by using standard genotypic sequencing.34
These sequences showed greatly elevated values of p in
both proximal (0.00177) and distal (0.00165) CMT1A-
REPs, which are more than twofold greater than the ge-
nome average of 0.000751.49 There is no evidence of a
more regional (as opposed to CMT1A-REP–speciﬁc) ele-
vation of sequence diversity in the levels of heterozygosity
or of the frequency of dbSNP entries in the single-copy
sequence ﬂanking the distal CMT1A-REP (HapMap).
To explore whether gene conversion is the cause of this
elevated p, we constructed a SplitsTree comprising only hu-
man CMT1A-REP sequences (ﬁg. 5). Although the proximal
and distal REPs are clearly differentiated, there are extensive
cycles in both major clusters within the SplitsTree, which
suggests the inﬂuence of gene conversion.
Three types of variant sites are apparent within align-
ments of proximal and distal CMT1A-REP sequences (ﬁg.
4). In addition to SNPs (sites that differ between allelic
copies) and PSVs (ﬁxed sites that differ between paralo-
gous copies), we also identify SNPs that are found at the
same location and with the same alleles in both proximal
and distal REPs. Here, this third class of variants are known
as “MSVs” and correspond to the variant class MSV2, as
deﬁned by Fredman et al.10; elsewhere, these have also
been dubbed “shared polymorphic sites.”9
If gene conversion is operating between proximal and
distal CMT1A-REPs, we should expect (i) that the number
of SNPs shared between repeats (MSVs) is much greater
than we would expect if the two repeats were evolving
independently and (ii) that repeat-speciﬁc variants (PSVs)
are frequently gene converted into the other repeat and
appear as new SNPs. Given that we identiﬁed 180 SNPs
in the proximal repeat and 143 SNPs in the distal repeat,
if the locations of these SNPs in proximal and distal re-
peats were independent, we would expect, on average, to
observe one or two MSVs (this number is simply the prod-
uct of the frequencies of variant sites at either locus mul-
tiplied by the length of the CMT1A-REP). However, we
observed 24 MSVs (SNPs shared between the repeats),
which is a highly statistically signiﬁcant enrichment (x2
test ). Removing MSVs that might conceiv-60Pp 2# 10
ably represent recurrent mutation at CpG dinucleotides
still leaves 11 MSVs, which remains a highly signiﬁcant
enrichment (x2 test ). It is more difﬁcult to11Pp 1# 10
conﬁrm the second expectation; PSVs deﬁned from align-
ing a single proximal and a single distal CMT1A-REP from
humans (typically taken from the human reference se-
quence) are not independent of SNP locations in humans.
Some apparent PSVs deﬁned in this manner would be de-
rived SNP alleles, and this confounds any attempts to test
whether SNPs are more frequent at PSVs than we would
expect. Ideally, we would know what the ancestral PSVs
896 The American Journal of Human Genetics Volume 79 November 2006 www.ajhg.org
Figure 4. Deﬁnition and distribution of SNPs, PSVs, and MSVs. Upper panel shows examples of SNPs, PSVs, and MSVs within a portion
of an alignment of three distal (gray) and three proximal (black) CMT1A-REP sequences. Lower panels display the positions of these
three classes of variants within proximal and distal CMT1A-REPs in 20 human chromosomes.
were between the most recent common ancestors of the
two repeats. Although we don’t have this information, we
do have full sequences of both CMT1A-REPs in chimpan-
zee, and deﬁning PSVs from these sequences is indepen-
dent of SNPs in humans. We ﬁnd that 19 of the 266 PSVs
identiﬁed in chimpanzees are SNPs in humans, with the
same alleles as the alternate states of the chimpanzee PSVs.
This is a highly signiﬁcant enrichment of human SNPs at
sites of chimpanzee PSV (x2 test ). Thus, gene8Pp 1.6#10
conversion explains why such a high percentage (∼38%)
of the apparent PSVs ( ) identiﬁed from aligningnp 260
the proximal and distal CMT1A-REPs in the human ref-
erence sequence are variable between alleles in our data.
Known NAHR Hotspot Can Be Identiﬁed from Patterns of
Sequence Variation within Species but Not between Species
It has been shown elsewhere that a sliding window sta-
tistic known as the “concerted index” can be used to iden-
tify localized gene conversion resulting from a known
NAHR hotspot in alignments of AZFa-HERVs in great ape
species.5 This statistic contrasts the sequence similarity be-
tween paralogous and orthologous sequences, to identify
regions where the paralogous sequences have become ho-
mogenized and the orthologous sequences have diverged.
If there is appreciable divergence between orthologous se-
quences but paralogous sequences are very similar, it is
likely that the ancestral sequences were not very similar,
and, hence, any similarity between paralogues is due to
active homogenization rather than to ancestral similarity.
We applied the concerted index to an alignment of com-
plete CMT1A-REP proximal and distal sequences from a
single human and chimpanzee (ﬁg. 6). In contrast to re-
sults from the study of AZFa-HERVs, there is no evidence
of a peak of the concerted index around the knownNAHR
hotspot or elsewhere in the alignment of CMT1A-REPs.
In addition, we also applied phylogenetic proﬁling,50 to
search for evidence of location-speciﬁc NAHR within
alignments of CMT1A-REP sequences from both repeats
in hominoid species, with no success (data not shown).
Phylogenetic proﬁling is best suited to the identiﬁcation
of recombination events in sequence alignments; iden-
tifying localized gene-conversion hotspots requires that
narrow window sizes be used, and this increases the var-
iance, which confounds visual analysis.
To devise a statistic to seek a signal of the known NAHR
hotspot within alignments of human CMT1A-REP se-
quences, we considered the likely impact of gene conver-
sion on the frequency of the three types of variants that
exist in such alignments: SNPs, PSVs, and MSVs (ﬁg. 4).
Gene conversion of a PSV will generate a new SNP in the
locus receiving the gene-conversion tract. Thus, gene con-
version can cause the number of PSVs to decrease and the
number of SNPs to increase. Gene conversion of the de-
rived allele of a SNP present in one CMT1A-REP will gen-
erate a SNP in the same location in the paralogousCMT1A-
REP. This shared SNP is reclassiﬁed as an MSV. Thus, gene
conversion has caused the number of MSVs to increase
and the number of SNPs to decrease. In summary, frequent
gene conversion should convert both SNPs and PSVs into
MSVs. Thus, in regions of elevated NAHR characterized by
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Figure 5. SplitsTree of all proximal (red) and distal (blue) human CMT1A-REPs
high rates of paralogous gene conversion, the frequency
of MSVs should be higher, and the frequency of SNPs and
PSVs lower, than elsewhere within the alignment. We de-
vised the hotspot index (MSVs/(SNPsPSVs)) on the basis
of the frequency of different types of variant sites within
a window of a sequence alignment, to reﬂect these ex-
pectations. The hotspot index should give high values in
localized regions with elevated paralogous gene conver-
sion and low values where gene conversion is absent. The
hotspot index can be calculated in sliding windows along
an alignment, and a simple permutation test is used to
identify regions of signiﬁcantly elevated values.
If we apply our hotspot index to the alignment of hu-
man CMT1A-REP sequences, we see a very strong and sig-
niﬁcant signal of a paralogous gene-conversion hotspot
∼8 kb into the 24-kb alignment (ﬁg. 6). This hotspot pre-
cisely overlaps the known, experimentally determined
NAHR hotspot characterized from patients with HNPP
deletions or CMT1A duplications. An additional, much
weaker signal of paralogous gene conversion is seen at a
location ∼16 kb into the alignment, which corresponds
with a much weaker NAHR hotspot.51 It can be seen that
these two signals of NAHR hotspot activity clearly coin-
cide with a cluster of MSVs (ﬁg. 4). Both of these peaks
are highly signiﬁcant, compared with the 99th percentile
of permutations. These observations are robust to the re-
moval of all MSVs that could potentially represent recur-
rent mutations at CpG dinucleotides. Whereas the abso-
lute intensity of the hotspot index is reduced by removing
these MSVs, the strongest peak in signal is still over the
NAHR hotspot and remains highly signiﬁcant, compared
with the 99th percentile (ﬁg. 7).
Sequence variation remains uncharacterized in the
other segmental duplications harboring known NAHR
hotspots; however, one recent study9 has used overlapping
ﬁnished BAC sequences to characterize sequence variation
at the LCR22 repeats known to sponsor the deletion caus-
ing velocardiofacial syndrome (VCFS [MIM 192430]). Al-
though no NAHR hotspot has yet been experimentally
identiﬁed at these segmental duplications, we applied the
hotspot index to these sparser LCR22 data and found a
number of potential NAHR hotspots that were highly sig-
niﬁcant (ﬁg. 8). Using related considerations, the authors
of this recent study of sequence variation at LCR229 high-
lighted a similar set of regions within these segmental
duplications as being candidate NAHR hotspots, and it
remains to be seen whether the breakpoints of patients
with VCFS cluster at this purported hotspot.
Relationship between NAHR Hotspots and AHR Hotspots
It has been suggested that NAHR hotspots may originate
from the presence of AHR hotspots within duplicated se-
quences. The locations of AHR hotspots have been in-
ferred from large genomewide SNP genotyping data. How-
ever, inference of accurate recombination-rate estimates
requires high genotyping accuracy and high SNP density.
High-quality SNP genotyping data are at a much lower
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Figure 6. Identifying NAHR hotspots from patterns of sequence
variation. Upper panel shows how the concerted index varies along
the length of a 24-kb alignment of human and chimpanzee CMT1A-
REPs. Lower panel shows how an alternative sliding window sta-
tistic, the hotspot index, varies along an alignment of human
proximal and distal CMT1A-REPs. Solid and dashed horizontal lines
indicate the 95th and 99th percentiles, respectively, of the hotspot
index, as determined by 10,000 random permutations of the po-
sitions of SNPs, PSVs, and MSVs.
Figure 7. The hotspot index with potential CpG sites removed.
The legend is available in its entirety in the online edition of The
American Journal of Human Genetics.
density within segmental duplications in the Phase I
HapMap data,27 and, as a result, segmental duplications
appear verymuch depleted for AHR hotspots, as compared
with single-copy regions of the genome. There are no AHR
hotspots within the CMT1A-REPs inferred from either
HapMap Phase I or Perlegen data.26,27
Rather than use data from these genomewide surveys
of LD, we can use our resequencing data to seek signals
of an AHR hotspot. We estimated recombination rates
across both proximal and distal CMT1A-REPs from our
resequencing data, using the software PHASE (ﬁg. 9). In
both proximal and distal CMT1A-REPs, there is an appar-
ent recombination hotspot at the site of the knownNAHR
hotspot, with the hotspot in the distal CMT1A-REP very
much stronger than the hotspot in the proximal CMT1A-
REP (∼400 vs. ∼6 times greater than background, respec-
tively). It is unclear how NAHR will confound estimates
of allelic recombination rates; however, we have shown
above that gene conversion (NAHR) betweenCMT1A-REPs
inﬂuences patterns of sequence variation in a highly lo-
calized fashion, whereas an allelic recombination hotspot
should inﬂuence LD over longer distances. Therefore, we
removed all the SNPs within known NAHR hotspots from
the analysis and reestimated recombination rates in both
REPs. The apparent recombination hotspot in the proxi-
mal CMT1A-REP disappears entirely, whereas an attenu-
ated recombination hotspot remains in the distal CMT1A-
REP. This attenuated recombination hotspot appears to lie
adjacent to the known NAHR hotspot and retains a re-
combination rate intensity ∼60-fold greater than the sur-
rounding background recombination rate (90% symmet-
ric CI 9 to 889 times).
We searched within the known NAHR hotspot, for se-
quence motifs that have recently been identiﬁed as being
enriched within allelic recombination hotspots,26 and
identiﬁed the 7-mer sequence CTCCTCC as being present
in both proximal and distal CMT1A-REPs. This motif is
closely related to the top-scoring hotspot-enriched motif
CCTCCCT26 but is not associated with the apparently re-
combinogenic THE1B repeat.
Discussion
We have shown that duplication of the CMT1A-REPs in
the common ancestor of humans and chimpanzees has
had a profound effect on subsequent processes of se-
quence evolution. The pattern of this sequence evolution
is strikingly reticulate, both between humans and chim-
panzees and among humans. This is consistentwith recent
studies showing that reticulate evolution is a common fea-
ture of duplicated sequences in the human genome, due
to processes of concerted evolution that may include both
gene conversion and unequal crossing over.6 We have also
demonstrated accelerated sequence evolution in the
CMT1A-REPs after duplication. This ﬁnding is in agree-
ment both with simulations of gene conversion and with
limited empirical evidence from other loci.5 The signiﬁ-
cant enrichment of SNPs shared between CMT1A-REPs in
humans (i.e.,MSVs) provides strong additional support that
gene conversion is the predominantmechanismdrivingthe
unusual patterns of variation in the CMT1A-REPs.
One unexpected ﬁnding of our comparative sequencing
and resequencing was the prevalence of retroelement in-
sertions within a 7-kb interval containing the known
NAHR hotspot. Whereas it might be tempting to infer a
relationship between the NAHR hotspot and these inser-
tion events, it is difﬁcult to determine the signiﬁcance of
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Figure 8. Putative NAHR hotspots in LCR22-2 and LCR22-4. This
ﬁgure shows how the hotspot index varies along an ∼180-kb align-
ment of LCR22-2 and LCR22-4. Solid and dashed horizontal lines
indicate the 95th and 99th percentiles, respectively, of the hotspot
index, as determined by 10,000 random permutations of the po-
sitions of SNPs, PSVs, and MSVs.
Figure 9. Allelic recombination rates within CMT1A-REPs. Upper
panel shows the estimated local recombination rates along prox-
imal (gray) and distal (black) CMT1A-REPs with the use of all SNPs.
Lower panel shows the estimated local recombination rates in
proximal and distal CMT1A-REPs once SNPs in the known ∼700-bp
hotspot (7,800–8,500 bp) have been removed. The location of the
known NAHR hotspot is indicated.
the rate and location of retroelement insertions because
of the manner in which some of them were ascertained.
By screening for structural variation with a Southern assay
with a probe near the known NAHR hotspot, we selec-
tively enriched for retroelement insertions in this region.
However, two of the retroelement insertions that we dis-
covered—the L1 insertion in a chimpanzee and an AluY
gibbon insertion—were ascertained through sequencing
with no prior knowledge of structural variation; both of
these insertions occur within the 7-kb interval containing
the known NAHR hotspot. This suggests that there may
be some element of mutational fragility to this region of
the CMT1A-REP and that this fragility has persisted over
the span of ∼20million years. This suggestion is supported
by the existence of other sites of chromosomal fragility
that are also segmentally duplicated on 17p and have been
demonstrated to have been involved in structural varia-
tion within and between species.52
Previous studies based on genotyping have demon-
strated that there are odd patterns of sequence variation
within segmental duplications that do not conform to our
expectations of single-copy SNPs.10We have demonstrated
not only that these patterns of sequence variation are dif-
ferent but also that the density is different. There is more
than twofold greater SNP diversity within the CMT1A-
REPs than in the genome average. The prospect that seg-
mental duplications might harbor greater sequence di-
versity than single-copy sequences was ﬁrst suggested by
the observation that segmental duplications are enriched
for dbSNP entries.48 There are two possible explanations
for this observation: ﬁrst, that PSVs have been assigned
to the wrong REP2 and so generated a false SNP, and, sec-
ond, that SNP diversity really is greater in segmental du-
plications.42 These explanations are not necessarily mu-
tually exclusive.We have shown directly that elevated SNP
diversity is a real feature of sequence variation at auto-
somal segmental duplications. This is, however, not to say
that dbSNP is not contaminated with mismapped PSVs
masquerading as SNPs. If we compare the dbSNP entries
in proximal and distal REPs with our own resequencing
data based on 20 chromosomes, we ﬁnd discrepant pat-
terns of variation within dbSNP that suggest that there
may be PSV contamination. A far greater proportion of
SNPs in dbSNP are shared between both CMT1A-REPs
(34%) than in our data (7%), and yet the total number of
SNPs in dbSNP ( ) is not correspondingly greaternp 478
than in our data ( ). Moreover, in our data, 38%np 323
of the 290 PSVs apparent when the reference sequences of
the CMT1A-REPs are aligned appear to be SNPs, whereas,
in dbSNP, 84% of these PSVs appear as SNPs. This suggests
that, although segmental duplications may well harbor
elevated levels of sequence diversity, dbSNP may not be
a reliable guide to this diversity.
The CMT1A-REPs harbor a known hotspot for NAHR.
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Figure 10. Hotspot index on thinned genotypic data. The leg-
end is available in its entirety in the online edition of The American
Journal of Human Genetics.
We considered that NAHR hotspots may share with AHR
hotspots the feature that a hotspot for crossing over is also
a hotspot for gene conversion.8,53,54 Using a priori expec-
tations of the inﬂuence of gene conversion on the distri-
bution of three types of variants (SNPs, PSVs, and MSVs)
apparent within alignments of CMT1A-REP sequences, we
found that, by far, the strongest signal of localized gene
conversion was tightly localized around the knownNAHR
hotspot.
We have shown elsewhere that an NAHR hotspot on
the human Y chromosome can be identiﬁed from patterns
of sequence variation between humans and chimpanzees.5
The sliding window statistic used in that study failed to
identify the known NAHR hotspot in the present study.
The success of a within-species measure of NAHR—and the
failure of a between-species measure—suggest that the
known NAHR hotspot in the CMT1A-REPs is recent in
origin. This is supported by the sequence divergence be-
tween CMT1A-REPs not being suppressed in the known
NAHRhotspot, as would be expected had the hotspot been
undergoing homogenization by gene conversion over a
longer evolutionary time frame. This recent origin of an
autosomal NAHR hotspot is reminiscent of the shallow
time depth of AHR hotspots, which also appear to not be
shared between humans and chimpanzees.28,29 This ob-
servation raises the question of whether NAHR hotspots
are simply AHR hotspots within segmental duplications,
as has been suggested recently.24 When we sought signals
of an allelic recombination hotspot in our resequencing
data and removed the confounding inﬂuence of SNPs
within the NAHR hotspot, we identiﬁed an AHR hotspot
ﬂanking the NAHR hotspot in the distal CMT1A-REP, with
a recombination rate ∼60-fold greater than the surround-
ing sequence. This provides strong evidence that theNAHR
hotspot in the distal CMT1A-REP is closely correlated with
an AHR hotspot, which was not apparent from analysis of
the genotyping data produced by the HapMap project.27
More detailed studies of local allelic recombination rates in
other NAHR hotspots are required to further support the
relationship between AHR and NAHR hotspots.
The number of known NAHR hotspots could be greatly
increased, with a concomitant improvement in our un-
derstanding of the underlying mutational mechanism, if
many more NAHR hotspots could be identiﬁed from pat-
terns of sequence variation rather than from the laborious
mapping of rearrangement breakpoints in patients. It
should also be possible to identify NAHR hotspots that
sponsor rearrangements that are never seen in the pop-
ulation because of embryonic lethality. To achieve this rev-
olution in understanding, surveys of sequence variation
within segmental duplications are required. It is notoriously
difﬁcult to characterize sequence variation within segmen-
tal duplications, and the methods used in this study will
not easily scale to genomewide analyses. However, sufﬁ-
ciently informative data might be collected by other
means that are more scalable.We could consider that PSVs
identiﬁed from alignments of segmental duplications in
the human reference sequence and in existing dbSNP en-
tries might give us a sufﬁciently dense set of variants, so
that a genotyping-based approach, rather than a sequenc-
ing-based approach, might be feasible. To test this hy-
pothesis, we thinned our sequencing data by removing
any variants that were not apparent as PSVs in the align-
ment of the human reference CMT1A-REPs or in dbSNP.
Encouragingly, we found that the known NAHR hotspot
still represents the strongest signal of the hotspot index
and is still highly signiﬁcant, as judged by the permutation
test (ﬁg. 10). We are embarking on experiments to try
these more scalable methods on other known NAHR
hotspots.
The success of our method for identifying further NAHR
hotspots will depend not only on the age of the hotspot
but also on SNP density and on the frequency of gene
conversion and crossovers occurring between the repeats.
Once we have further characterized sequence variation in
segmental duplications, it seems likely that we will soon
be able to construct a genomewide map of the locations
of NAHR hotspots as a more disease-orientated counter-
part to the recently published map26 of allelic recombi-
nation hotspots in the single-copy portion of the genome.
This map would catalyze our identiﬁcation of haplolethal
loci (where deletions cause embryonic lethality), would
aid the discovery of novel genomic disorders, and would
increase our understanding of themechanisms generating
structural variation in the human genome.
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